Rap1-interacting protein 1 (Rif1) regulates telomere length in budding yeast. We previously reported that, in metazoans and fission yeast, Rif1 also plays pivotal roles in controlling genomewide DNA replication timing. We proposed that Rif1 may assemble chromatin compartments that contain specific replication-timing domains by promoting chromatin loop formation. Rif1 also is involved in DNA lesion repair, restart after replication fork collapse, anti-apoptosis activities, replicative senescence, and transcriptional regulation. Although multiple physiological functions of Rif1 have been characterized, biochemical and structural information on mammalian Rif1 is limited, mainly because of difficulties in purifying the full-length protein. Here, we expressed and purified the 2418-amino-acidlong, full-length murine Rif1 as well as its partially truncated variants in human 293T cells. Hydrodynamic analyses indicated that Rif1 forms elongated or extended homo-oligomers in solution, consistent with the presence of a HEAT-type helical repeat segment known to adopt an elongated shape. We also observed that the purified murine Rif1 bound G-quadruplex (G4) DNA with high specificity and affinity, as was previously shown for Rif1 from fission yeast. Both the N-terminal (HEAT-repeat) and C-terminal segments were involved in oligomer formation and specifically bound G4 DNA, and the central intrinsically disordered polypeptide segment increased the affinity for G4. Of note, pulldown assays revealed that Rif1 simultaneously binds multiple G4 molecules. Our findings support a model in which Rif1 modulates chromatin loop structures through binding to multiple G4 assemblies and by holding chromatin fibers together.
Rif1 (Rap1-interacting protein 1) was originally discovered for its role at telomeres in budding yeast, where it controls telomere length via counting the number of telomere-bound Rap1 molecules (1, 2) . ScRif1 (budding yeast Rif1) also plays an anti-checkpoint function by covering ssDNA 2 generated after DNA lesions near the telomere to prevent RPA and Rad24 from assembling on the ssDNA, shutting down an ATR-signaling pathway (3, 4) . In contrast, we found that SpRif1 (fission yeast Rif1) specifies the spatio-temporal program of origin firing during S phase (5) and that it is bound not only at telomeres but also at chromosome arm segments (5, 6) . We and others also reported that functions in replication timing regulation are conserved in mammalian Rif1 (7) (8) (9) (10) . More recently, ScRif1 was also reported to regulate replication timing program in budding yeast (11) (12) (13) .
Vertebrate Rif1 proteins have been implicated also in a wide variety of cellular processes. Human Rif1 contributes to the ATM-mediated DNA damage response, which is dependent on 53BP1 as well as on ATM (14) . Subsequently, it was reported that Rif1 is involved in homologous recombination-mediated repair of double-stranded DNA break (DSB), and Rif1 deficiency results in aberrant aggregates of Rad51 (15) . In Xenopus egg extracts, Rif1 was reported to interact with TopBP1, ATM, and an Mre11-Rad50 -Nbs1 complex, which are key regulators of checkpoint responses to DSBs (16) . Depletion of Rif1 from egg extracts reduces recruitment of these regulatory components and compromises the activation of Chk1 in response to DSBs but not to stalled replication forks. It was more recently reported that mammalian Rif1 interacts with ATM-phosphorylated 53BP1 and that recruitment of Rif1 is essential for 53BP1 to promote non-homologous end-joining (NHEJ)-mediated DSB repair through suppression of 5Ј-end resection (17) (18) (19) (20) (21) . It was also reported that Rif1 deficiency impairs DNA repair in the G 1 and S phases and 53BP1-dependent class switch recombination (CSR) in B lymphocytes (18, 19) . In contrast, 53BP1dependent toxic NHEJ in BRCA1 Ϫ/Ϫ background is dependent on PTIP, another 53BP1 partner, but not on Rif1 (22) .
Human Rif1 was reported to be a component of a complex containing BLM (the helicase defective in Bloom syndrome) and to work with BLM to promote recovery of stalled replication forks (23) . Knockout of mouse Rif1 (muRif1) leads to failure in embryonic development, and conditional deletion of muRif1 from mouse embryo fibroblasts affects S phase progression, rendering cells hypersensitive to replication poisons (15) . Consistent with a role in S phase progression, muRif1 accumulates at stalled replication forks, preferentially around pericentromeric heterochromatin (15) .
Rif1 is highly expressed in totipotent and pluripotent cells during early mouse development, and in male and female germ cells in adult mice, and it has been implicated in maintenance of pluripotency of stem cells (24) . Rif1 physically interacts with the telomere-associated protein TRF2 in mouse embryonic stem cells (24) . Furthermore, Rif1 is highly expressed in human breast tumors and acts as an anti-apoptotic factor (25) .
Despite some discrepancies among different reports, these findings generally point to crucial roles of Rif1 in processing of DSB caused by genotoxins or by stalled replication forks. We have shown that Rif1 is specifically located at the nuclear periphery in insoluble nuclear skeleton-like structures and affects chromatin loop sizes (7) . The localization of Rif1 was closely associated with the mid-late replication foci, the appearance of which is suppressed by Rif1. Thus, we hypothesized that Rif1 may facilitate chromatin loop formation, which may generate specific chromatin compartments related to replication timing domains as well as to the chromatin domains responsible for coordinated regulation of other chromosome transactions (9) .
Vertebrate Rif1 contains a C-terminal DNA-binding domain that resembles the ␣CTD domain of bacterial RNA polymerase, and this domain preferentially binds to fork and Holliday junction DNA in vitro and is required for Rif1 to resist replication stress in vivo (23, 26) . A recent structural study revealed a tetrameric structure of the ScRif1 C-terminal domain (27) , which may correspond to the above ␣CTD-like domain of vertebrate Rif1. One of the conserved features of Rif1 is the presence of HEAT repeats in the N-terminal segment, although the function of this domain is unknown. Vertebrate Rif1 contains a long intrinsically disordered polypeptide (more than 1000 amino acids long), which is located between the N-and C-terminal segments and encoded by a single exon. Another conserved feature of Rif1 is the presence of a phosphoprotein phosphatase 1 (PP1)-binding motif, which was shown to be important for suppression of late-firing origins through counteracting Cdc7mediated phosphorylation events (11, 13, 28) .
Although increasing evidence points to crucial roles of Rif1 in various chromosome events, links between its biochemical features and its biological functions have been limited. Recently, we reported that SpRif1 specifically binds to G-quadruplex (G4) structures and regulates replication timing over a long distance (6) . However, it has not been known whether G4-binding activity is conserved in Rif1 from other species. Thus, we set out to purify and characterize the full-length and various domains of murine Rif1 protein to clarify the mechanisms by which Rif1 regulates chromatin architecture.
Results

Expression and purification of full-length murine Rif1
Isolation of the full-length mammalian Rif1 (2418 amino acids) has not been achieved. To characterize DNA-binding specificity and anticipated oligomer formation of mammalian Rif1, we attempted overexpression of muRif1 in 293T cells. Hexahistidine and 3xFLAG tags were added to muRif1 (2418 amino acids) at its N and C terminus, respectively, for convenient two-step affinity purification ( Fig. 1A) . Because the addition of a small tag at the N or C terminus did not affect the functions of SpRif1, we assumed that addition of these tags to muRif1 would not affect its functions. Indeed, N-terminally FLAG-or GFP-tagged mammalian Rif1 has been shown to be functional (29, 30) . Strong EF1␣ promoter drives the expression of the recombinant muRif1 (31, 32) . After 2 days of transfection, 293T cells were harvested and extracted by Benzonase and Triton X-100 in CSK buffer (see under "Experimental procedures"). About 30% of muRif1 was solubilized by this treatment. The soluble muRif1 was purified successfully by anti-FLAG and subsequent Ni 2ϩ -affinity chromatography, although some extra bands were detected after SDS-PAGE ( Fig. 1B) . We were not able to remove the extra bands by any additional chromatography such as Mono Q, probably because of continued degradation during chromatography (Fig. 1C, lanes 1 and 2) .
Expression and purification of partially truncated muRif1
Size-exclusion chromatography of the full-length muRif1 could not lead to precise determination of the Stokes radius (R S ), because it eluted in fractions very close to the void volume of a Superose 6 gel-filtration column (data not shown). Thus, we next prepared smaller fragments of muRif1 to analyze its oligomeric nature more precisely. We constructed the four truncated muRif1s ( Fig. 1A) , i.e. muRif1-NTD (N-terminal domain), muRif1-CTD (C-terminal domain), muRif1-NC (NTD ϩ CTD), and muRif1-LID (long intrinsically disordered region). The four proteins were successfully produced in 293T cells, but muRif1-NC was not efficiently solubilized by the above extraction protocol used for the full length. The increase of NaCl concentration to 0.3 M resulted in solubilization of muRif1-NC to a sufficient extent. The solubilized proteins were purified by the same two-step affinity chromatography, and profiles of Ni 2ϩ -affinity chromatography are shown in Fig. S1 , A-D. They still contained small amounts of extra bands (Fig.  1C , lanes 3-10) that could not be completely removed by subsequent Mono Q chromatography (data not shown).
Self-interaction of muRif1-NTD and muRif1-CTD
To examine oligomerization potential of muRif1-NTD and muRif1-CTD, HA-and FLAG-tagged polypeptides were coexpressed in 293T cells, and interactions were examined by immunoprecipitation of either tag and detection of coimmunoprecipitation with the other tag. Immunoprecipitation of FLAG-tagged muRif1-NTD by anti-DDDDK antibody from the soluble cell extract pulled down HA-tagged muRif1-NTD ( Fig.  2A, lane 1) . Conversely, immunoprecipitation of HA-tagged muRif1-NTD by anti-HA antibody pulled down FLAG-tagged muRif1-NTD (Fig. 2B, lane 1) . Therefore, muRif1-NTD may form a homodimer or larger homo-oligomers. Similar experiments were conducted with muRif1-CTD (Fig. 2, A and B, lane 6), and the results indicate that muRif1-CTD can interact with each other, showing its potential to form a homodimer or larger homo-oligomer. In contrast, muRif1-LID did not self-associate (Fig. 2, A and B, lane 11 ), suggesting that muRif1-LID exists as monomer. The interdomain interaction between NTD and CTD was not detected (Fig. 2, A and B, lanes 2 and 5) , and muRif1-LID did not interact with NTD or CTD, either (Fig. 2, A and B, lanes 3, 7, 9, and 10) .
Molecular shape and oligomerization of truncated muRif1
Hydrodynamic behaviors of purified muRif1-NTD and -CTD were analyzed by glycerol-gradient centrifugation (Fig. 3 , A and B, and Fig. S2D ) and by gel-filtration chromatography (Fig. 3 , C and D, and Fig. S2E ). muRif1-NTD sedimented at two peak positions after the glycerol-gradient centrifugation (Fig.  3A, p1 and 2) and formed also two peak fractions during the size-exclusion chromatography (Fig. 3C, p3 and 4 ). When these peak fractions were subjected to non-denaturing (native) electrophoresis on agarose-acrylamide composite gel (33, 34) , p1 or p2 migrated in a manner similar to that shown by p4 or p3, respectively ( Fig. 3 , E and F, lanes [1] [2] [3] [4] . Thus, p1 and p4 most likely represent one form of native muRif1-NTD, whereas p2 and p3 represent another form. muRif1-CTD also generated two peaks in sedimentation and gel-filtration profiles ( Fig. 3 , B, p5 and p6, and D, p7 and p8), and non-denaturing electrophoresis indicated that p5 and p6 correspond to p8 and p7, respectively ( Fig. 3F , lanes [5] [6] [7] [8] . Sedimentation coefficient, S value, was determined from the peak positions of glycerol-gradient centrifugation (Fig. S2B ), and R S was calculated from the peak positions of gel-filtration chromatography ( Fig. S2C ). According to Erickson's linear approximation (35) , the two hydrodynamic parameters (S and R S ) of each protein gave estimation of its native molecular weight ( Fig. 3G , column of Native Mw.), and dividing this value by the molecular weight of a unit of polypeptide provides the estimated number of polypeptides in each molecule ( Fig. 3G, column of polypeptides) . The slow-sedimenting form (p1 and p4) of the muRif1-NTD was estimated to be a tetramer (calculated as 4.46-mer) and the fast-sedimenting form (p2 and p3) to be an octamer (calculated as 7.50-mer). In contrast, the slow-sedimenting form (p5 and p8) of the muRif1-CTD was estimated to be a dimer (calculated as 2.26-mer), and the fast-sedimenting form (p6 and p7) to be a dodecamer A, schematic drawing of the primary structures of muRif1 and its domains used in this study. HEAT-repeat, ␣CTD-, and PP1-binding regions of muRif1 are assigned as reported previously (23, 73) . A LID region is assigned according to Sukackaite et al. (26) . The number of amino acids in parentheses include those from His tag, 3xFLAG tag, and cloning sites on pCEH_FLAG expression vector. B, silver-stained gel showing Ni 2ϩ -NTA affinity column chromatography of muRif1 after anti-FLAG affinity purification. C, muRif1-NC (lanes 3 and 4), muRif1-NTD (lanes 5 and 6), muRif1-LID (lanes 7 and 8), and muRif1-CTD (lanes 9 and 10) were partially purified by anti-FLAG affinity column and subsequent Ni 2ϩ -NTA column chromatography ( Fig. S1 ). After dialysis into Buffer F, aliquots (odd lanes, 2 l; even lanes, 6 l) were subjected to SDS-PAGE followed by silver staining. A Mono Q peak fraction of the full-length muRif1 was also run on the same gel (lane 1, 5 l; lane 2, 15 l). The full-length muRif1 bands are indicated by horizontal arrowheads in B and C.
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(calculated as 11.5-mer). Therefore, muRif1-NTD most likely forms a tetramer and an octamer, whereas muRif1-CTD forms a dimer and a dodecamer, although the dimer seems to be a minor form (Fig. 3, B and D).
Specific interaction of muRif1 with G-quadruplex DNA
We previously reported genome-wide binding sites of SpRif1 on the chromosome arms (6) . Furthermore, we found that these binding sites have a potential to form G-quadruplex (G4) structure, and we showed that SpRif1 indeed specifically binds to G4. Therefore, we examined whether the purified muRif1 could recognize G4 DNA in vitro. A 5Ј-biotinylated oligonucleotide bearing 24 consecutive dG (T 6 G 24 probe) was boiled and then gradually cooled down in the presence of KCl and PEG200 that provides a macromolecular crowding condition (36, 37) to generate a parallel-type G4 structure. The G4-folded oligonucleotide was pulled down by streptavidin-magnetic beads (dynabeads), and the presence of muRif1 was examined ( Fig. S3 , A and B). When 60 fmol of purified muRif1 was incubated with the G4 DNA beads, a substantial fraction (12-13 fmol) was adsorbed onto the beads (Fig. 4 , A and B, lane 4). This binding was lost by addition of 4-fold excess of G4-folded T 6 G 24 (Fig. 4 , A and B, lane 5), but it was barely affected by addition of 32-fold excess of T 6 (GA) 12 DNA (Fig. 4, A and B, lanes 8 and 9) or a large excess (2 g) of calf thymus DNA (Fig. 4, A and B, lanes  1-3) . Thus, muRif1 bound specifically to immobilized G4 DNA.
Bipartite G4-binding domains of muRif1
Similar pulldown assay was performed with the four partially truncated muRif1 ( Fig. 4 , A and C-E). muRif1-NC and -NTD bound efficiently to the G4-folded T 6 G 24 -dynabeads ( Fig. 4 , A, C, and D, lane 4), and muRif1-CTD bound moderately ( Fig. 4 , A and E, lane 4), but muRif1-LID did not (Fig. 4A , bottom panel, lane 4). Interestingly, both muRif1-NTD and -CTD bound to the G4 beads ( Fig. 4 , D and E, lane 4), indicating bipartite or multivalent G4-binding activity of muRif1. The purified short C-terminal segments of human and mouse Rif1 were reported to bind to various structured DNA, especially cruciform DNA in vitro (23, 26) . However, Ͼ38% of muRif1-NTD and Ͼ33% of muRif1-CTD still bound to the G4 beads even in the presence of an excess cruciform DNA consisting of four 40 base-oligonucleotides ( Fig. 4 , D and E, lanes 10 -12) . Additionally, Ͼ50% of muRif1 and muRif1-NC still bound to the G4 beads even in the presence of 32-fold excess of cruciform DNA (Fig. 4, B and C, lanes 10 -12) . These results suggest that the N-and C-terminal domains of muRif1 cooperate for highly structure-specific recognition of G4 DNA. The binding of three truncated proteins was significantly reduced by the addition of excess amount of calf thymus DNA, presumably due to the G4-like structures in the DNA preparation ( Fig. 4 , C-E, lanes 1-3), but the binding of the full-length muRif1 was resistant to the same amounts of the competitor DNA (Fig. 4B, lanes 1-3) . This suggests a contribution of the internal LID to the highly structure-specific recognition of G4 DNA by muRif1, although no apparent G4 binding was shown by the LID alone.
High-affinity interaction of muRif1 with G4 DNA
The G4 DNA binding was evaluated more quantitatively by EMSA. A 5Ј-labeled T 6 G 24 probe was folded into G4 structure as described above. As a negative control, a T 6 (GA) 12 probe was similarly treated, and both probes were subjected to EMSA with the full-length or truncated forms of muRif1 ( Fig. 5, A-C) . The full-length muRif1 efficiently shifted the mobility of the T 6 G 24 probe (Fig. 5A, lanes 2-5) . The shifted bands were detected at the gel top and at the position slightly below it. Neither a lower non-G4 band of the same probe nor a T 6 (GA) 12 probe was shifted ( Fig. 5A, lanes 2-5 and lanes 7-10) . The shift was detected even at the lowest concentration of the protein (0.33 nM). In contrast, muRif1-NTD and muRif1-CTD did not induce significant shift of the same G4 probe at Ͻ5 nM of the proteins (Fig. 5A, lanes 11 and 12 and lanes 17 and 18) , whereas the full-length muRif1 exhibited efficient shift at 0.67-1.33 nM. When assuming a 1:1 interaction, the dissociation constant (K d ) of the G4-folded probe was calculated as 6.49 nM for muRif1-NTD and as 33.0 nM for muRif1-CTD ( Fig. 5A , right graph). If we assume that a protomer of the full-length muRif1 binds to a single G4 molecule, i.e. if n ϭ 1, the K d value could not be calculated with a reasonable curve fit. This would be due to the presence of multiple G4-binding sites on a muRif1 protomer, and the above pulldown assays show that indeed is the case (Fig. 4 ). Because both NTD and CTD of muRif1 bind to G4 DNA (Fig. 4 , D and E), we assume that a muRif1 protomer has two independent G4-binding sites. We then re-calculated the K d value under the assumption that both sites have equivalent affinity for the G4 probe. (The calculation would involve resolution of a complicated cubic equation if two sites have a different affinity for G4. We assume here an equal K d value for both sites for simplicity.) K d is estimated to be 0.197 nM for each binding site with a better curve fit than those for NTD and CTD (n ϭ 2; Fig. 5A , right graph). Thus, it appears that both G4-binding sites exhibit Ͼ32-fold higher affinity to the G4 probe when present in the full-length muRif1 than when present alone as separate polypeptides. Next, EMSA was conducted using higher amounts of muRif1-NC, -NTD, and -CTD proteins (Fig.  5B ). Addition of Ͼ15 nM muRif1-NC or muRif1-NTD induced substantial shift of the G4 probe ( Fig. 5B , lanes 4 and 5 and lanes 11 and 12), whereas Ͼ45 nM muRif1-CTD was required to detect a comparable shift (Fig. 5B, lane 17) . The K d for the G4-folded probe was calculated to be 8.68 nM (when n ϭ 1) and 20.7 nM (when n ϭ 2) with muRif1-NC, roughly comparable with that with muRif1-NTD. Because the affinity of muRif1-NC to G4 is lower than that of the full-length protein by more than 1 order of magnitude, the LID also plays an unexpected role in Figure 2. Self-association of muRif1-NTD and of muRif1-CTD. Various portions of muRif1 were fused to either HA tag or 3xFLAG tag, and combinations of an HA-tagged and a FLAG-tagged polypeptide were transiently expressed in 293T cells as shown. One portion of cell lysates was subjected to immunoprecipitation (IP) with anti-DDDDK antibody (A) and the other portion with anti-HA antibody (B). Precipitated (left) and input (right) polypeptides were detected by Western blotting with anti-HA antibody (upper) or with anti-DDDDK antibody (lower). muRif1-LID showed weak signals, because electrotransfer efficiency of muRif1-LID from polyacrylamide gel to PVDF membrane was low, probably due to its very acidic property (calculated pI ϭ 4.64).
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increasing the affinity and specificity of the G4 binding. It may coordinate the N-and C-terminal domains through its versatile morphology so that Rif1 can adjust its shape for efficient and multivalent binding to various forms of G4 structures (see below). The above EMSA used the T 6 G 24 probe at 8.33 nM, with the G4 form at 5.1-5.5 nM, and it would be too low to determine convincing K d values for truncated muRif1 proteins. Thus, we repeated the same EMSA with 16.7 nM (11-12 nM of the G4 form) and 38.9 nM (26.4 -28 nM of the G4 form) of the probe (Fig. S4 ), and the calculated K d values are listed in Table 1 . K d of 1.51-2.35 nM would be more reliable for muRif1-NTD because the G4 probe concentrations (Ͼ11 nM) are higher than its K d value. Similarly, K d of 18.1 nM would be more reliable for muRif1-CTD because the G4 probe concentrations (Ͼ26 nM) are higher than its K d . However, it may be possible that either the isolated NTD or CTD binds cooperatively to the G4 probe, because the more probe input seems to result in less K d value, i.e. more increase in affinity ( Table 1 ). The above EMSA used PEG200-containing 12% polyacrylamide gels to separate the G4-folded probe from non-G4 (predominantly singlestranded) forms. However, most of the muRif1 recombinant proteins accumulated at the gel top in this gel system, raising the possibility that they just aggregated on G4 rather than forming biologically relevant protein-DNA complexes. We exploited a low percentage agarose-acrylamide composite gel system to examine these possibilities ( Fig. 5C and Fig. S5 ). For all muRif1 recombinants, most of the G4-specific protein-DNA complexes entered the gels and generated discrete bands ( Fig. 5C, a-d) , instead of being trapped at the gel top. Thus, G4 complexes containing full-length and truncated muRif1 proteins are most likely not non-specific aggregates but represent specific complexes.
Differential recognition of G4 and other structured DNA by muRif1
We conducted EMSAs in the presence of various DNA competitors such as cruciform or forked DNA (23, 26) Although all these structured DNAs were previously shown to be bound by Rif1-CTD (26), none of them, when present at 30-fold molar excess over the labeled G4 probe, canceled muRif1-induced shift of the G4 probe ( Fig. 6, lanes 5-12) . Under the same condition, the G4 competitor itself efficiently reduced it, whereas T 6 (GA) 12 competitor did not affect the shift (Fig. 6 , lanes [15] [16] [17] [18] . This result suggests that muRif1 has much higher affinity to G4 than to cruciform DNA or other structures. It is also possible that Rif1 has more than two DNA-binding domains that bind to different sets of structured DNA, although this possibility would be rather unlikely in light of weak but significant competition by a cruciform DNA in the above pulldown assays (Fig. 4, lanes 10 -12) .
Interaction of muRif1 with characteristic subsets of G4 DNA
There are several well-known G4 oligonucleotides that have been structurally characterized (38 -46) . We used 10 of them for EMSA with purified muRif1 (Fig. S6 ). Four parallelstranded G4 probes were shifted significantly with 1.65 nM of muRif1 ( Fig. S6, T2G15T , VEGF, c-kit2, and c-myc). A bcl-2 gene-derived 23-mer, a hybrid-type G4 probe, was also shifted with muRif1 ( Fig. S6, bcl-2) . In contrast, muRif1 did not induce significant band shift of G4 probes with anti-parallel conformation or those with telomere-derived sequences (Fig. S6 , TBA, Telo22, Telo24, Telo23, and Telo25). Thus, muRif1 shows some preference for G4 structures with particular topology (parallel, hybrid) over other topology (anti-parallel, telomere-derived). Then, we focused on parallel-type G4 oligonucleotides consisting of different nucleotide sequences (47) , and we evaluated their binding to the full-length muRif1 in EMSA ( Fig. 7A) . A Telo23 probe, a hybrid-type G4 DNA, was used for comparison. muRif1 showed higher affinity to the three G4 probes (CEB1, 93del, and G15) but not to T95-2T, TERC18, or Telo23 probe ( Fig. 7, A and B) . Intriguingly, the same preference was observed for muRif1-NTD and -CTD, as well as for muRif1-NC ( Fig. 7 , C-E). More detailed characterization is needed to clarify the structure/topology specificity of Rif1 G4 binding.
Simultaneous interaction of muRif1 with multiple G4 DNA
Our previous studies suggested the possibility that Rif1 participates in physical interactions of distant chromatin segments, contributing to the formation of chromatin loops (6, 7, 9) . As shown in the previous section of this report, purified muRif1 behaves as oligomers and bears at least two G4-binding domains (NTD and CTD). These findings prompted us to examine whether muRif1 could mediate physical interaction between different G4 DNAs. As muRif1 was pulled down with G4-folded, T 6 G 24 -conjugated magnetic beads (Fig. 4, A and B) , similar pulldown assays were conducted three times in the presence of a radiolabeled G4 probe in the presence or absence of muRif1, and the pulled down G4 probe was quantified ( Fig. 8,  A and B) . A significant amount of the radiolabeled G4 probe was pulled down by the G4 magnetic beads when muRif1 was present ( Fig. 8B, columns 2 and 3) . The binding of G4 probe was lost by addition of 5-fold excess of cold T 6 G 24 (Fig. 8B , column 4) but unaffected by addition of even 10-fold excess of T 6 (GA) 12 DNA (Fig. 8B, column 5 ). When T 6 (GA) 12 DNA was used as a radiolabeled probe, it was not pulled down even in the presence of muRif1 ( Fig. 8B, columns 7 and 8) . These results indicate that muRif1 simultaneously bound to both immobilized G4 and radiolabeled G4 DNA, supporting the idea that muRif1 could hold together multiple G4 DNA molecules. and h, chymotrypsinogen A. E, non-denaturing electrophoresis of marker proteins (left panel) and muRif1-NTD peak fractions, p1-p4 (right panel) through 0.4% agarose, 2.5% polyacrylamide composite gel. Glycerol-gradient peaks and gel-filtration peaks are marked with G.G. and with SEC, respectively, above the immunoblot images. F, non-denaturing electrophoresis of peak fractions of muRif1-NTD (left panel) and muRif1-CTD (right panel). All peak fractions, p1-p8, were run on the same composite gel. G, calculation of native molecular weights of truncated muRif1 polypeptides and determination of their oligomeric states. R values for muRif1-NTD and -CTD were deduced according to Erickson (35) . Similar results were also obtained when the Siegel and Monty method (74) was used to deduce Stokes radii.
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Discussion Accumulating genetic and cell biological evidence points to wide varieties of cellular functions of Rif1. These include programming genome-wide DNA replication timing, repair of DNA lesion, restart from fork collapse, anti-apoptosis, replicative senescence, and transcriptional regulation in addition to its classical role in telomere length regulation . Whereas multiple physiological functions of Rif1 have become unraveled, biochemical and structural information on Rif1 is still limited, mainly due to difficulty in purifying Rif1 protein in a full-length form. We have previously developed convenient mammalian expression system for protein production using 293T cells and low-cost transfection reagent, PEI (31, 32) . By exploiting this efficient expression system, we succeeded in purification of the 2418-amino-acid-long full-length murine Rif1 in a soluble form.
Because a C-terminal peptide derived from budding yeast Rif1 (ScRif1) was shown to form a tetramer (27) , we first observed hydrodynamic behaviors of the purified muRif1 to analyze its oligomer formation. However, its native form was found to be too large to determine its R S and native molecular weight accurately, although our preliminary analysis suggested that muRif1 adopts an elongated or extended shape (data not shown). Therefore, we have decided to produce and purify smaller segments of muRif1 to define its oligomeric state more precisely and to localize the segment(s) responsible for oligomerization. Interestingly, both muRif1-CTD and muRif1-NTD formed oligomers in the cell extracts ( Fig. 2) and after purification (Fig. 3) . The LID region does not self-associate. The hydrodynamic analyses of muRif1-NTD demonstrated the presence of tetramers and octamers (Fig. 3G ). Because the HEAT repeats of TOR kinase were shown to form a dimer (48, 49) , oligomerization of muRif1-NTD could also depend on its HEAT repeats. After our initial submission of this paper, Mattarocci et al. (50) reported that the isolated HEAT repeat domain of ScRif1 forms a dimer, but the dimer formation depends on dsDNA bound by the two HEAT repeat domains (50) . In contrast, muRif1-NTD forms a tetramer or an octamer on its own in the absence of DNA. Similar analyses of muRif1-CTD demonstrated the presence of dimers and dodecamers, in contrast to the tetramer formation of the C-terminal 60-amino acid segment of ScRif1 (27) . Thus, the nature of oligomer formation seems quite different among Rif1 proteins from different species.
The results presented in this report suggest that there may be a unique muRif1 oligomer composed of assemblies of a CTD dodecamer and three NTD tetramers (or an NTD octamer plus Figure 4 . Specific association of muRif1 domains with immobilized G4 DNA. A 5Ј-biotinylated, G4-folded T 6 G 24 oligonucleotide was conjugated to streptavidin-dynabeads (G 24 -dynabeads) and used to pull down partially-purified muRif1 or truncated muRif1 polypeptides (Fig. S3) . The same experiment was repeated three times for every polypeptide (A) except muRif1-LID. After densitometric scanning of the immunoblots, the amounts of G4 DNAbound muRif1 (B), muRif1-NC (C), muRif1-NTD (D), and muRif1-CTD (E) are plotted in the bar graphs. A cruciform competitor was made of four oligonucleotides of 40 nucleotides long, identical to those used in Sukackaite et al. (26) . The presence of a large excess of T 6 (GA) 12 DNA (3-8 pmol; lanes 8 and 9) or 1 pmol of the cruciform DNA (lane 10) did not significantly affect the bindings of these muRif1 polypeptides to the beads (B-E), whereas addition of Ͼ0.5 pmol of G4-folded T 6 G 24 DNA competed out the bindings (lanes 5-7) . Addition of Ͼ3 pmol of the cruciform DNA reduced the bindings (lane 11 and 12), but less efficiently than the G4 competitor did.
an NTD tetramer) as illustrated in Fig. S8 . This also suggests that much larger muRif1 oligomers could be generated through association between NTD tetramers, and such a large complex might have prevented the determination of the precise oli-gomer size for the full-length muRif1 in our hydrodynamic analysis.
The results of these analyses also provide information on the molecular shape of each identified homo-oligomer. The calcu-
lated S/S max (ϭR/R min ) values indicate that both muRif1-NTD and -CTD adopts an elongated or extended shape (Fig. 3G , right-most column). muRif1-NTD contains 21 HEAT repeats, consistent with its elongated shape. Intriguingly, the values we obtained suggest that muRif1-CTD is more elongated than muRif1-NTD, whereas the X-ray crystallography of the tetrameric C-terminal peptide of yeast Rif1 indicated a rather globular shape (27) . The difference may be due to the use of a longer polypeptide (299 amino acids) for our analyses of muRif1-CTD compared with the 60-amino-acid polypeptide used for the atomic structure analyses of yeast Rif1 CTD. In conclusion, our hydrodynamic analyses demonstrated oligomer formation and very elongated shapes of muRif1-NTD and -CTD, thus leading us to speculate similar characteristics for the full-length muRif1.
In budding yeast, association of Rif1 with chromosomal DNA is thought to be mediated by its binding to Rap1 protein (27) . In contrast, the C-terminal domains of human and mouse Rif1 were shown to interact directly with structured DNA, most notably with cruciform DNA in vitro (23, 26) . We recently reported that SpRif1 specifically binds to a G4 structure, which is the functional binding target of SpRif1 (6) . Thus, we examined interaction of muRif1 with G4 DNA. Our EMSA and pulldown analyses demonstrated that purified muRif1 indeed specifically binds to G4 DNA (Figs. 4 -8) . Competition assays indicate that its affinity to G4 DNA seemed much higher than that to cruciform DNA. muRif1 bound to parallel-type G4 more efficiently than to telomere repeat G4 or anti-parallel-type G4. Interestingly, high-affinity G4 binding by muRif1 was not attributed to a single domain, and apparently it required all the three domains (NTD, LID, and CTD). Our results indicate that isolated muRif1-NTD and -CTD interact with G4 DNA, although they bind to it much less efficiently than the fulllength muRif1 does. Additionally, the pattern of their preferences for different G4 probes is similar to that of the full-length muRif1, although the selectivity for G4-fold seemed less stringent than the full-length muRif1. muRif1-LID lacks G4-binding activity but is likely to contribute to the high-affinity binding of the full-length muRif1 to G4, because muRif1-NC could not recapitulate the G4-binding affinity of the full-length muRif1. Naturally unstructured and intrinsically disordered segments have been found in many chromatin-associated proteins (51-54), but their physiological functions and biochemical activities are still largely unknown. Through its ability to modulate the structure, LID may coordinate the NTD and CTD for proper complex formation with the target G4 structures.
We previously suggested the possibility that Rif1 mediates interaction of distant chromosomal sites in the nucleus, thereby organizing chromosomal domains or compartments (6, 7, 9) . Thus, we next examined the possibility of chromatin loop formation by direct simultaneous interaction of Rif1 with multiple DNA strands. Pull-down assays demonstrated that one muRif1 molecule bound to at least two G4 DNAs simultaneously ( Fig.  8) . Therefore, muRif1 appears to have an intrinsic ability to hold together distant DNA strands via the association with multiple G4 DNAs. This ability is likely to depend on oligomer formation of muRif1 as well as on its bipartite G4-binding sites present on its NTD and CTD (Fig. 9A ). Because muRif1 could form a tetramer or an octamer or even a dodecamer, multiple chromatin fibers could be assembled by muRif1 (Fig. 9B) , as was proposed before (6) . Our novel findings of oligomer formation of muRif1 and of its bipartite G4 binding would provide the mechanical basis for inter-chromatin interactions mediated by Rif1.
Notably, the G4 EMSA experiments indicated that muRif1 bound efficiently to the parallel-type G4 probes, CEB1 (18-mer) and 93del (16-mer), although less efficiently than to G 15 , also known to adopt a parallel-fold (Fig. 7) . The two oligonucleotides were reported to fold into self-stacked G4 dimers ( Fig.  S9A ) (55 and 56) . The oligomerization of G4 through stacking would more readily occur with parallel-type G4s than anti-parallel or hybrid-type G4s, because loops are positioned along the side of G4. In contrast, the loops in anti-parallel and hybridtype G4s are either diagonal or edgewise (crossing or protruding, respectively, over outward G-quartet planes (57)), interfering with G4 stacking (Fig. S9B) . Our data suggest that Rif1 prefers G4s that have intrinsic tendency to form oligomers (Fig.  7) . Thus, Rif1's binding preference to parallel-type G4s may be due to their propensity to form stacked G4 oligomers. We cannot exclude the possibility that Rif1 also prefers interstrand G4s in addition to stacked G4s. There appear to be bands represent- Figure 5 . High-affinity binding of muRif1 to G4 DNA. A, EMSA was conducted on radiolabeled T 6 G 24 and T 6 (GA) 12 probes using increasing amounts of purified full-length muRif1 (lanes 1-5) , muRif1-NTD (lanes 11-13) , or muRif1-CTD (lanes 17-19) . Prior to the assays, both probes were boiled for 5 min and then cooled down gradually to 25°C in 50 mM KCl, 40% PEG200, 1 mM EDTA, and 10 mM Tris-HCl (pH 7.5). Apparent dissociation constants (K d values) were calculated from the right graph after plotting the amount of unbound G4 probe (bands indicated by the vertical line to left of panel) versus concentrations of added proteins. For the full-length muRif1, a K d value was calculated under the assumption that a Rif1 protomer has two equal-affinity binding sites to the G4 DNA (n ϭ 2). B, EMSA was conducted on T 6 G 24 probe, as in A, with increasing amounts (different ranges) of muRif1-NC (lanes 1-5), muRif1-NTD (lanes 10 -12) , or muRif1-CTD (lanes 15-17) . Shifts were not observed when T 6 (GA) 12 probe was used (lanes 6 -9, 13 and 14, and 18 and 19) . K d values were calculated from the right graph as in A. For muRif1-NC, two K d values were calculated under the assumptions that a Rif1-NC protomer has a single (n ϭ 1) or two (n ϭ 2) equal-affinity binding sites to the G4 DNA. These analyses were performed with increasing concentrations of the G4 probe in Fig. S4 . C, EMSA was conducted on the T 6 G 24 probe using a 0.4% agarose, 2% polyacrylamide composite gel. muRif1-NTD (a), -CTD (b), -NC (d), and full-length muRif1 (c) generated discrete shifted bands of specific protein-DNA complexes that entered the gel (lanes 2-4, 7-9, 12-14, and 17-19) . The higher mobility of the G4-bound full-length muRif1 would be due to its acidic property originating from extremely lower isoelectric point of LID (calculated pI ϭ 4.64). No shifted band was detected when T 6 (GA) 12 probe was used (lanes 6, 10, 16, and 20) . ing dimer or larger oligomers of T 6 G 24 and G 15 probes that run more slowly on EMSA gels and are preferentially bound by muRif1 ( Figs. 5-7) , consistent with the notion that muRif1 has higher affinity to oligomeric G4s than to the monomer. These observations suggest that muRif1 preferentially and with a high affinity binds to sequences capable of forming G4 oligomer(s) in cells as well. Further cellular experiments need to be conducted to validate our model that G4-to-G4 interactions mediated by Rif1 are the basis for establishing chromatin domain structures.
Hänsel-Hertsch et al. (58) recently reported 10,560 highconfidence cellular G4 sites in a human epidermal keratinocyte HaCaT cell line by ChIP-seq analyses using BG4 polypeptide antibody that is known to specifically bind to G4 (59) . This number is quite low, given the initial bioinformatics estimation of ϳ375,000 potential G4-forming sequences (60, 61) and more recent experimental evidence for 716,310 sites capable of generating G4 deduced by the G4-seq method (based on a polymerase stop assay) (62) . However, we speculate that this number under-represents the actual numbers of G4 on the human genome for the following reasons. First, in Hänsel-Hertsch et al. (58) , chromatin is fixed by formaldehyde prior to the incubation with BG4. This would result in failure of the detection of a large fraction of intrinsic cellular G4, because those G4 that are bound by cellular proteins or those that are present in a nonaccessible chromatin environment may escape detection. Second, BG4, a single polypeptide monoclonal antibody, may not detect all classes of cellular G4 that form on duplex DNA and may adopt structures distinct from the known canonical G4 structures generated on single-stranded DNA. Third, detection of cellular G4 by 1H6, another G4-specific monoclonal antibody, revealed numerous fine nuclei foci, sometimes homogeneously, which suggested the existence of cellular G4 in numbers much larger than that estimated by ChIP-seq (63) . Finally, formation and elimination of G4, with varying stability, may be dynamically regulated in cells. Fixation and staining only capture a snapshot of a given moment and would lead to the underestimation of the actual numbers of cellular G4.
These considerations led us to estimate that the numbers of cellular G4 may be quite large, although some of them may be only transiently formed or dynamically undergo formation/ elimination cycles due to its instability. We propose that Rif1 may generate chromatin architecture by facilitating the dynamic interactions between G4 structures present throughout the genome. We envision these interactions may be very dynamic, not static, and not stably associating with each other. We point out that these Rif1-mediated G4 -G4 interactions may be somehow confined in the late-replicating domain, in accordance with the observation made by the Hi-C analyses (64) . This could be due to enrichment of G4 structures in the late replicating domain, a prediction that needs to be tested in the future.
One common feature of fission yeast and mammalian Rif1 in their role in replication timing regulation is their close association with late firing origins or late-replicating domains (6, 64) . Thus, Rif1 needs to be somehow recruited to specific chromatin segments that are associated with late replication. Although it is an attractive model that Rif1 is recruited to chromatin by Figure 6 . muRif1 prefers G4 DNA much more than other structured DNA. EMSA was conducted on the T 6 G 24 probe (5.6 nM) with the full-length muRif1 (2.7 nM) in the presence of various structured DNAs as competitors. Competitors used were dsDNA (lanes 3 and 4) , Y-fork ( lanes 5 and 6), flap (lanes 7 and 8) , fork (lanes 9 and 10), cruciform (4WJ, lanes 11 and 12) , telomere repeat (Tel-ds, lanes 13 and 14) , and T 6 (GA) 12 (lanes 15 and 16) , all of which failed to compete out the muRif1 binding to T 6 G 24 probe at 30-fold excess (ϫ30). Lanes 17 and 18 contain cold T 6 G 24 DNA as a competitor, and substantial competition was obvious even at 3-fold excess (ϫ3). The relative amounts of unbound G4 probe (bands indicated by the vertical line to the left of panel) are shown in a bar graph at the bottom, with the level in the absence of muRif1 being taken as 100.
directly recognizing G4 (Fig. 9B) , it could be recruited through other proteins as well. Indeed, in budding and fission yeast, other telomere factors, Rap1 and Taz1, respectively, appear to recruit Rif1 not only to the telomere but also to a subset of late-firing origins (65, 66) . There are many other Rif1-interacting proteins, including BLM (23), 53BP1 (17) (18) (19) (20) (21) , histones, lamin B, and PP1 (67, 68) . Among them, direct molecular interaction with Rif1 was shown for BLM, 53BP1, and PP1. Lamin B may play a role in localization of Rif1 near the nuclear periphery but not in recruiting Rif1 to chromatin (64) . 53BP1 recruits Rif1 to chromatin, but it does so only upon DNA damage (17) (18) (19) (20) (21) . Xu et al. (23) reported that Rif1 (not BLM) provides a DNAbinding interface for the BLM-Rif1 complex. Other chromatin proteins, including histones, may play a role for recruiting Rif1 to chromatin. Although Rif1 co-localizes partially with heterochromatic marks, it is unlikely that heterochromatin recruits Rif1, because its formation occurs downstream of Rif1 (69, 70) . Potential roles of these proteins in recruiting Rif1 to chromatin and inducing chromatin architecture that regulates replication, transcription, or recombination are intriguing and deserve future studies.
Rif1 plays critical roles in the choice of DSB repair pathways downstream of 53BP1 (17) (18) (19) (20) (21) (22) . It suppresses HRR and thereby promotes repair by NHEJ at DSB. G4 structures may be generated during the course of replication and transcription, increasing the risk of DNA breaks by causing their temporal arrest. As HRR could cause deletion or expansion between the G-tract sequences, NHEJ would be favored at DSB near G4 sites. Thus, the G4-binding property of Rif1 might also contribute to quick Figure 7 . High-affinity binding of muRif1 to subsets of parallel-stranded G4 DNA. A, EMSA was conducted on six parallel-type G4 DNA (CEB1, T95-T2, 93del, T 6 G 24 , G 15 , TERC18), a hybrid-type G4 DNA (Telo23), and an RNA probe corresponding to TERC18 DNA. As a negative control, a T 6 (GA) 12 probe was also assayed. 4.17 nM radiolabeled and heated oligonucleotide was run on each lane with none (lane 1), 0.17 nM (lane 2), or 0.5 nM (lane 3) purified muRif1. The radioactivity (cpm/pmol) of every probe was slightly different, which is indicated in Fig. S7. B , fraction of the Rif1-bound probe was normalized and presented as a bar graph. C-E, EMSA was performed as above with partially-purified muRif1-NC (C), muRif1-NTD (D), or muRif1-CTD (E). The amount of the bound probe was calculated as in B and presented as bar graphs. See Fig. S7 for raw gel images of EMSA with muRif1-NC, -NTD, and -CTD. 6) of purified muRif1 and were pulled down. The bound materials were eluted by brief boiling in 80% formamide and run on 10% polyacrylamide gel containing 8 M urea. The same assay was repeated three times. The association of the radioactive G4 probe was lost by addition of 1 pmol of unlabeled T 6 G 24 (lane 4) but was unaffected by addition of 2 pmol of T 6 (GA) 12 DNA (lane 5). B, amount of the associated radioactive DNA is shown in a bar graph according to quantitation of relevant radioactive bands on denaturing polyacrylamide gel.
Figure 9. Multivalent G4 binding by muRif1 oligomer could mediate association between distant chromatin loci.
A, schematic representation of at least two G4-binding and oligomerization domains present in the N-and C-terminal segments of muRif1. B, model on G4-based assembly of multiple chromatin fibers mediated by Rif1 that binds to multiple G4-containing DNA due to its oligomeric structure.
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choice of repair pathways in a manner independent of 53BP1. Rif1 and other NHEJ components participate in CSR at immunoglobulin class switch in mammalian B cells (18, 19) . The genomic regions involved in class switch are enriched for G-tracts, and copy numbers of G-tracts affect efficiency of CSR (71) . Thus, Rif1 may regulate CSR through direct binding to the class switch target DNAs that are likely to adopt G4-like structures.
In summary, we show here that mammalian Rif1 specifically and simultaneously binds to multiple molecules of G4 DNA probably due to its highly oligomeric structures and bipartite G4-binding sites. These biochemical features of Rif1 may contribute to its ability to assemble multiple chromatin fibers at nuclear periphery to generate specific functional chromatin domains that may affect the efficiency of various chromosome transactions, including replication, recombination, repair, and transcription. Further studies aimed to clarify amino acid residues of Rif1 essential for oligomerization and for G4 recognition and their structural basis will lead to a better understanding of how G4 and Rif1 regulates chromatin architecture and other aspects of chromosome dynamics.
Experimental procedures
Reagents, antibodies, and cells
Anti-DDDDK (mouse FLA-1) and anti-HA (rabbit 561) antibodies were obtained from MBL Co. Monoclonal anti-HA antibodies (mouse 16B12 and rat 3F10) were from Roche Applied Science. Anti-FLAG M2-agarose beads, 3xFLAG peptides, and polyglutamic acid were purchased from Sigma. Polyethylene glycol 200 (PEG200) was from Nakalai Tesque. Dynabeadsstreptavidin M280 was from Invitrogen. Human IgM was purchased from Wako Chemical, and other molecular size standards for hydrodynamic analysis were from GE Healthcare. Benzonase was purchased from Novagen. Other nucleases and molecular biology enzymes were from Takara-Bio, TOYOBO, Roche Applied Science, Sigma, or New England Biolabs. Oligonucleotides were synthesized commercially by Hokkaido System Science or by Eurofins Genomics. 293T cells were cultured in Dulbecco's modified Eagle's medium (Nissui Co.) plus 10% fetal bovine serum (Nichirei Co.). PEI was from Polysciences Inc. Protease inhibitors (Complete EDTA-free, Roche Applied Science), 10 M MG132 (Peptide Institute, Inc.), and 1 mM phenylmethylsulfonyl fluoride (Sigma) were included in the reagents for cell extraction and for protein purification unless otherwise indicated.
Recombinant plasmids
BamHI sites were added to N and C termini of muRif1 cDNA (GenBank TM JX255737) by conventional PCR. pCSII-EF-His-MCS_FLAG (version 3-4) and pCSII-EF-His-MCS_HA (version 3-5) were described previously (31) . A viral 5Ј-sequence (SnaBI 588 nt to PpuMI 2311 nt) was removed from both vectors, and a viral 3Ј-sequence (KpnI 4546 nt to ApaI 5118 nt) was also deleted in the version 3-4 (3xFLAG version). The resulting expression vectors, pCEH_FLAG and pCEH_HA, were used for insertion of the full-length muRif1 cDNA into a unique BamHI site or of parts of the coding frame between the BamHI and XhoI sites. The strong EF1␣ promoter drives expression of muRif1 recombinants bearing His 6 tag at the N terminus and another tag (3xFLAG or HA) at the C terminus.
Preparation of 293T cell extract and purification of recombinant proteins
According to a PEI-transfection protocol (31, 32) , 16 -18 150-mm inner diameter dishes of 293T cells were transfected with pCEH-muRif1_FLAG for 2 days. The cells producing His 6 -muRif1-FLAG 3 were solubilized for 30 min in 1 ml/dish of CSK buffer (10 mM Pipes-KOH (pH 6.8), 100 mM potassium glutamate, 300 mM sucrose, 1 mM MgCl 2 , 1 mM EGTA, and 1 mM DTT) containing 0.1% Triton X-100 and 10 units/ml Benzonase (CSK-T-Bz). The cleared lysate was mixed with 1.3-1.5 ml of anti-FLAG M2 beads for 90 min. After washing the column with 21-24 ml of FLAG-B buffer (20 mM Tris-HCl (pH 8.0), 0.3 M NaCl, 0.02% Triton X-100, and 10% glycerol), the bound polypeptides were eluted six times with 1.3-1.5 ml of 0.2 mg/ml 3xFLAG peptide in FLAG-B buffer. Finally, the residual material was eluted with 4ϫ 1.3-1.5 ml of 0.1 M glycine-HCl (pH 3.5). The fractions 2-6 (total 6.5-7.5 ml) of the above anti-FLAG column were mixed with 2-ml bed volume of Ni 2ϩ -NTA resin (equilibrated with 1 ⁄ 2ϫ FLAG-B buffer). After mild rocking for ϳ60 min at 4°C, the resin was poured into a disposable column and washed with ϳ30 ml of FLAG-B buffer. The bound proteins were eluted with a step gradient of imidazole (20 -240 mM, 1.8 ml/fraction). His 6 -muRif1-NTD-FLAG 3 , His 6 -muRif1-CTD-FLAG 3 , and His 6 -muRif1-LID-FLAG 3 were expressed and purified almost in the same manner. His 6 -muRif1-NC-FLAG 3 was difficult to solubilize in CSK-T-Bz. Therefore, it was solubilized by adding NaCl at 0.3 M to the CSK-T-Bz lysate and purified as described for His 6 -muRif1-FLAG 3 .
Co-immunoprecipitation assay
On 6-well dishes, 293T cells were co-transfected with pCEH-Domain1_FLAG and pCEH-Domain2_HA (domain 1 or 2 representing muRif1-NTD, -CTD, -NC, or -LID) for co-expression of 3xFLAG-tagged domain 1 and HA-tagged domain 2. The transfected cells were harvested after 48 h and solubilized for 30 min in 0.24 ml/well of CSK-T-Bz. 100 l of the cleared lysate was mixed with 2.5 l of protein G-dynabeads pre-conjugated with 0.5 g of mouse anti-DDDDK antibody (FLA-1) or those with 0.25 g of rat anti-HA antibody (3F10) for 60 min on ice. The protein G-dynabeads were then separated by a magnet and washed with 300 l of Wash solution K100 (0.1 M KCl, 0.05% Triton X-100, 0.1 mM DTT in Buffer GD (72) ). The proteinbound beads were resuspended with 300 l of the same buffer and transferred to fresh tubes. The beads were recollected and suspended finally in 50 l of 1.2ϫ SDS-sample buffer, and the bound polypeptides were eluted at 95°C. The eluates were subjected to SDS-PAGE followed by Western blotting with anti-DDDDK antibody (FLA-1) to detect 3xFLAG-tagged proteins or by anti-HA antibody (rabbit 561) to detect HA-tagged ones.
Glycerol-gradient centrifugation
In 2.2-ml centrifuge tubes, 15-36% glycerol gradient was made in 20 mM Tris-HCl (pH 7.8), 150 mM KCl, 1 mM EDTA, 0.5 mM DTT and appropriate protease inhibitors. 0.2 ml of a Ni 2ϩ -NTA fraction 11 of truncated muRif1 was layered on top
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of the gradient and centrifuged at 40,000 rpm for 16 h at 4°C in Beckman TLS55 rotor. 0.1-ml fractions were removed from top to bottom and subjected to SDS-PAGE followed by anti-DDDDK blotting.
Analytical gel filtration
50 l of Ni 2ϩ -NTA fraction 11 (0.22-m filtrated) of truncated muRif1 was applied to pre-equilibrated Superose 6 PC3.2/30 column (GE Healthcare), and eluent (20 mM Tris-HCl (pH 7.8), 150 mM KCl, 1 mM EDTA, 0.5 mM DTT, 10% glycerol, and protease inhibitors (ϫ1/5, Roche Applied Science)) was flowed at 40 l/min at 4°C. 80-l fractions were collected and subjected to SDS-PAGE followed by anti-DDDDK blotting.
Non-denaturing electrophoresis on agarose-polyacrylamide composite gel
0.4% agarose, 2.5% acrylamide (37.5:1) composite gels were prepared as 2-mm-thick mini-slab gels according to the literature (33, 34) . Peak fractions of muRif1-NTD and -CTD as well as molecular size standards (IgM, catalase, and ovalbumin) were loaded on the gel and run for 110 min at 50 V in 25 mM Tris, 192 mM glycine buffer. The lane containing size standard proteins was stained with Coomassie Brilliant Blue. The other lanes were immersed in the electrode buffer containing 0.1% SDS and 14 mM 2-mercaptoethanol for 16 h at 4°C and then electroblotted to Immobilon-P membrane followed by anti-DDDDK blotting. When the composite gel was used for EMSA, 0.4% agarose, 2% acrylamide (37.5:1) composite gel in 2-mmthick large slab gel was made with 1ϫ TBE plus 50 mM KCl. EMSA was conducted basically as described below except that electrophoresis was for 4.5 h at 40 V.
Preparation of structured oligonucleotides
To induce G4 folding in oligonucleotides, synthetic ssDNA (18 -30-mer) was boiled for 5 min and then annealed in 50 mM KCl, 40% PEG200, 1 mM EDTA, 10 mM Tris-HCl (pH 7.5) by gradual cooling to room temperature (36, 37) . Various competitor DNAs were prepared by annealing synthetic oligonucleotides of 20 -40-mer, most of which were described in Sukackaite et al. (26) . 40-bp dsDNA, Y-fork, flap, fork, 4WJ (cruciform), and telomere repeat (6 times) DNAs (Tel-ds) were made by annealing 1 nmol of the oligonucleotides (shown in Table 2) in 0.1 ml of 10 mM Tris-HCl (pH 8), 1 mM EDTA, 50 mM KCl, and 40% PEG200. The annealed DNA bands were excised after PAGE. The excised gel pieces were homogenized in 2-ml tubes and extracted with 0.6 ml of 0.5 M ammonium acetate, 10 mM Mg(OAc) 2 , 1 mM EDTA, and 0.1% SDS by shaking at 37°C for 16 h. After a brief centrifugation, supernatant was transferred into 0.22-m microfiltration tubes (COSTAR 8160). The each tube was spun for 10 min at 12,000 rpm, and the filtrate was subjected to ethanol precipitation. Precipitated DNA was dissolved in 50 l of pure water.
Pull-down assay with G4 DNA-magnetic beads
100 pmol of 5Ј-biotinylated T 6 G 24 (synthetic 30-mer) was boiled for 5 min and then folded to form a G4 structure as described above. It was then conjugated to 1 mg of streptavidindynabeads for 3.5 h at room temperature according to the manufacturer's protocol using a kilobase BINDER kit (Invitrogen). The DNA-dynabeads (equivalent to ϳ0.25 pmol of biotin-T 6 G 24 ) were mixed wit the indicated amount of muRif1 proteins in the presence of 1 g of BSA in a 40-l reaction for 30 min at room temperature. For competition experiments, the Table 2 DNA oligonucleotides used in this study DNA substrates for EMSA ( Fig. 7C) were prepared by annealing: (H1 ϩ H5), dsDNA; (H1 ϩ H4), Y-fork; (H1 ϩ H3.5 ϩ H4), flap; (H1 ϩ H2.5 ϩ H3.5 ϩ H4), fork; (H1 ϩ H2 ϩ H3 ϩ H4), 4WJ; (TelG-Fw,ϩ TelC-Rv),Tel-ds.
Oligonucleotide name
Length Sequence (5-to-3) Refs. 
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indicated amount of calf thymus DNA, T 6 (GA) 12 , G4-formed T 6 G 24 DNA, or cruciform DNA was preincubated with muRif1 proteins before addition to T 6 G 24 -dynabeads. The DNA-dynabeads were then separated by magnet, and washed twice with Wash solution-K100 (Buffer GD containing 0.1 M KCl, 0.05% Triton X-100, 0.1 mM DTT, and protease inhibitors). The bound polypeptides were eluted in 45 l of 1.2ϫ SDS-sample buffer at 95°C, and subjected to SDS-PAGE followed by anti-DDDDK blotting.
EMSA
To end-label oligonucleotides, 10 pmol of PAGE-purified oligonucleotides were dried, labeled at the 5Ј-end with [␥-32 P]ATP by T4 polynucleotide kinase, and purified using microspin G-25. Then, 40 l (ϳ73%) of the labeled ssDNA were heated at 96°C for 5 min and then cooled down gradually (in 80 l; ϳ5 h) to induce G4 folding in 50 mM KCl, 40% PEG200, 1 mM EDTA, and 10 mM Tris-HCl (pH 7.5). In an 18-l reaction, the indicated amount of pre-heated 32 P-labeled substrate DNA (T 6 G 24 or T 6 (GA) 12 ) was mixed with muRif1 or with its truncated polypeptides in 20 mM Hepes-KOH (pH 7.6), 50 mM KCl, 1 mM EDTA, 0.01% Triton X-100, and 10% PEG200. After incubation for 30 min at 30°C, the mixture was electrophoresed in 1ϫ TBE plus 50 mM KCl on 12% polyacrylamide (29:1) gel containing 50 mM KCl and 40% PEG200 at 150 V for 16 -17 h. In competition assays, 0.1 pmol of heated 32 P-probe (T 6 G 24 ) was mixed with 0.3 pmol (3 times) or 3.0 pmol (30 times) of various competitor DNAs (see Table 2 ) before addition of proteins.
Calculation of K d between muRif1 and G4-folded T 6 G 24
We use the equation, K d ϭ Pf⅐Gf/Gb ϭ {n(Pt) Ϫ Gb}⅐Gf/Gb, where the concentration of each molecule is as follows: Gf, unbound G4 oligonucleotide; Gb, bound G4 oligonucleotide; Pf, free G4-binding sites; Pt, total protein, and n. number of G4-binding sites on a protein (protomer). If the concentration of total G4 oligonucleotide was designated as Gt, K d ϭ {n(Pt) ϩ Gf Ϫ Gt}⅐Gf/(Gt Ϫ Gf), thus leading to a quadratic equation, Gf 2 ϩ {K d ϩ n(Pt) Ϫ Gt}⅐Gf Ϫ Gt⅐K d ϭ 0. This equation can be converted to Gf ϭ {Ϫ␤ ϩ ͌(Ϫ␤ 2 ϩ 4⅐Gt⅐K d )}/2, where ␤ ϭ K d ϩ n(Pt) Ϫ Gt. Then, curve fitting to the real plots was performed in the assumption that n ϭ 1 with "solver" function of Microsoft Excel. K d was also calculated in the assumption that n ϭ 2 for full-length muRif1 and for muRif1-NC. 
